Major venous air embolism is a potentially life-threatening emergency which requires prompt attention to the prevention of further air entry, the changing of the inspired gas to 100% oxygen, the close monitoring of cardiorespiratory function, the transfer if necessary of the patient to the left lateral position with head-down tilt, the support if necessary of cardio·respiratory function, and the aspiration or attempted aspiration of embolised air. Low down on the list of management priorities is the taking of arterial samples for blood gas analysis, which presumably explains the relatively infrequent inclusion of blood gas results in the published reports on air embolism. When arterial Accepted for publication November 25, 1987 samples have been taken early in an episode of venous air embolism the results have varied markedly. The arterial P0 2 (Pa02) has ranged from < 40 mmHgI and < 70 mmHg,2-4 even on 100% inspired oxygen,2-4 to > 100 mmHg even on 33% inspired oxygen. 3 The values for PaC02 have usually been of the order of 10 mmHg above pre-embolus levels,3,4 but on at least one occasion may have been of the order of 20 mmHg above pre-embolus level. I
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The wide variation in the Pa02 no doubt reflects differing volumes and rates of entry of the air emboli. In animal studies air infused into a peripheral vein at a rate of the order of 0.2 mllkglmin results in an increase in ventilation/perfusion imbalance with minimal frank shunting. 5 ,6 On the other hand the venous injection of a 2 mllkg bolus of air results in an appreciable degree of frank shunting as well as an increase in ventilation/ perfusion imbalance. 7, 8 The increase in P aC02 is a consequence of the increase in physiological dead space 5 -7 and a temporary reduction in the elimination of expired C02. In patients undergoing neurosurgery in the sitting position and ventilated at constant volume ventilation, the increase in physiological dead space is associated with a characteristic and widely recognised decrease in end-tidal C02 concentration which subsequently returns to, and then temporarily overshoots, its preembolus base-line value. 3 The decrease and subsequent increase in end-tidal C02 concentration is accompanied by an increase in arterial and mixed venous PC02 which is maximal in the overshoot phase of the endtidal C02 change. 3 The combination of an elevated PaC02, together with venous admixture, could in theory result in clinically important arterial desaturation in the presence of an end-tidal C02 value not appreciably lower than its preembolus level. In other words, arterial desaturation could occur at a time when physiologically significant air embolism remains unconfirmed by end-tidal C02 monitoring. Such a situation could in theory arise with slowly progressing or recurrent lowvolume air embolism in a patient being ventilated with an inspired oxygen concentration of the order of 33%.
The present study, in upright anaesthetised sheep ventilated at constant tidal volume and respiratory rate using N 20 and 02 in the ratio 2: 1, was undertaken to ascertain whether arterial desaturation can result from progressive small-volume venous air emboli of sufficient size to produce a fall in end-tidal C02 concentration of only 0.5% below an initial baseline level of between 4.0 and 5.0%.
MATERIALS AND METHODS
Six fasting sheep with a mean weight of 38.8 kg were anaesthetised with pentobarbitone 25 mg/kg and ventilated with halothane 1 to 2% and nitrous oxide and oxygen in a ratio of 2: 1. A Manley ventilator was used to provide constant volume ventilation with the tidal volume and fresh gas flow-rate adjusted to give a respiratory rate of 12 breaths per minute and an end-tidal C02 concentration of between 4.0 and 5.0%.
Catheters to record pressure were placed in the main artery of the foreleg, the pulmonary artery, the right atrium or adjacent superior vena cava (SVC) following catheter withdrawal from the right ventricle, and the high intrathoracic SVC following withdrawal into the neck vein and re-insertion for one centimetre beyond the point at which swings in pressure due to respiration returned. A catheter for injecting air was placed in the great vein of the neck and directed cranially. The animals were positioned upright with the legs tucked under the body, the supporting table tilted 40· head-up, the neck erect and the (n = 6) (n = 6) head facing forwards. End-tidal C02 the protected least significant difference test. ID concentration was measured with a Godart Probability levels greater than 0.05 were taken Capnograph-BE (17070) uncorrected for as not statistically significant. spectral overlap and collision broadening,9
RESULTS
and vascular pressures were recorded using Elcomatic EM750 transducers placed at right The desired small reduction in end-tidal atrial level, an EM760 pre-amplifier unit and C02 concentration and the volume of injected an EM740 four-channel recorder.
air necessary to produce this reduction are Injections of air were made at intervals of shown in Table I and Figure 1 . The results of one minute in volumes of either 0, 1, 2 or 5 ml the blood gas measurements are shown in in order to produce and maintain a fall in end- Table 1 and Figure 2 , while mean arterial, tidal C02 concentration of 0.5% below the pulmonary arterial, central venous and high initial baseline level of between 4.0 and 5.0% SVC pressures are shown in Table 1 and in different sheep. Samples for blood gas Figures 3 and 4 . analysis were taken from the arterial and, in
Over the period of reduced end-tidal CO 2 three of the animals, from the pulmonary concentration, there was a progressive arterial catheters before the start of the air increase in mean levels of PaC02 and, taking injections and at 20, 40, 60, 80 and 100 into consideration the failed arterial sampling minutes after the commencement of the mentioned in the footnote to Figure 2 , a injections.
progressive decrease in mean Pa02 (with Statistical analysis was performed using statistically significant changes occurring repeated measures analysis of variance and between 0 and 20, 20 and 60, and 60 and 100 TlME (m ins) TIME (mins) FIGURE 2.-Arterial and mixed venous blood gas results before and during the progressive air emboli. NOTE: At the 80 minute mark an arterial sample could not be obtained from Sheep No. 5, the animal in which air embolism produced the most pronounced progressive reduction in P a o 2 . This explains the 'step' in the progressive decrease in the mean P a02' minutes for both parameters). In three of the six animals the P a o 2 fell to values of 66, 67 and 89 mmHg. In animals in which blood samples were taken from the pulmonary artery catheter, the PvC02 progressively increased and the Pv02 increased slightly in each animal.
The pulmonary arterial pressure progressively increased with statistically significant increases again occuring between 0 and 20, 20 and 60, and 60 and 100 minutes. There was no significant change in systemic arterial pressure.
Though there were no significant changes in central venous pressure there was a highly significant (P < 0.0001) increase in the high SVC pressure between 0 and 20 minutes. Over the remaining period of the study there was no further increase in the high SVC pressure. provided an earlier and more reliable indication of venous air embolism than did end-tidal C02 monitoring. The present paper goes further with the demonstration that arterial desaturation due to air embolism can occur in the presence of only a small decrease in end-tidal C02 concentration.
An understanding of what happens to the end-tidal C02 concentration and to blood gas values following a single episode of venous air embolism can be obtained from a recent comprehensive article in German by MUller et al. 3 These authors took blood gas samples at 15-minute intervals on 25 patients undergoing neurosurgery in the sitting position, and at 5-minute intervals for 30 minutes in the event of air embolism as diagnosed by an abrupt fall in end-tidal PC02 (PETC02) of more than 5 mmHg. Air embolism was identified in 12 patients and measures were immediately taken to prevent the further entry of air. In no case did the authors consider that the resulting cardiovascular or respiratory changes were sufficiently pronounced to necessitate altering the 2: 1 ratio of inspired N20 and 02. The blood. gas results following air embolism showed initially a decrease in the mean PETC02 of the order of 12 mmHg, an increase in the mean PaC02 of about 8 mmHg, an increase in the mean P"C02 of about 7 mmHg, a decrease in the mean P a02 of about 60 mmHg, and an essentially unchanged mean P,,02. Following its initial decrease the mean PETC02 progressively returned to and then, for the order of ten minutes, temporarily overshot its initial baseline level, reaching a maximum value approximately 5 mmHg higher than the baseline. At this point, which was at a mean of 17.2 minutes after the onset of the fall inPETco2, the mean PaC02 and P"C02 were also at their maximum values, both being approximately 1 0 mmHg higher than their baseline levels. The mean P a02 had improved slightly from its earlier reduced level, and the mean P,,02 had risen nearly 20 mmHg above its pre-embolus level.
This valuable report by MUller et al.,
describing assumed single episodes of venous air embolism in neurosurgical patients ventilated at constant volume ventilation with nitrous oxide and oxygen in a ratio of 2: 1, clearly confirms that appreciable elevations of PaC02 and P"C02 occur throughout the duration of the PETC02 changes and that these elevations are maximal in the PETC02 overshoot phase.
The present study in upright anaesthetised sheep also ventilated at constant volume with a nitrous oxide/oxygen mixture in a ratio of 2: 1, demonstrates that a continuing smallvolume embolus of sufficient volume to produce a fall in end-tidal C02 concentration of only 0.5% below a pre-embolus baseline level of 4.0 to 5.0%, will result in a progressive increase in PaC02 and PvC02 and a progressive decrease in Pa02.
It is suggested that an acute air embolus of only moderate size which is superimposed on an earlier incompletely resolved embolus will also be expected to produce a further increase in PaC02 and P"C02 and a further reduction in Pa02, without necessarily producing a very marked fall in PETC02. In other words, clinically important arterial desaturation could occur at a time when the end-tidal C02 monitor failed to confirm the presence of a 'physiologically significant' air embolus. It is widely appreciated that in clinical practice air embolism often occurs as a progressive embolus or as repeated small emboli. The magnitude of the fall in Pa02 following a single, sudden episode of venous air embolism has been shown in animal studies to be dependent upon the volume of the embolus.
•
8 Whether or not clinically relevant hypoxia ensues will also depend upon the inspired oxygen concentration. With an inspired oxygen of 100%, arterial desaturation is usually absent the pressure measured in the upper SVC and the unchanged CVP measured from right atrial level is explained by the collection of air in the SVC and the consequent transmission of the venous pressure upwards without the expected fall-off in hydrostatic pressure. 13 Second, the increase in Py-02 in the resolution phase of air embolism, as reported by MUller et af. 3 and also seen in the present study, presumably reflects an increase in cardiac output consequent upon the increase in sympathetic activity which occurs with hypercapnoea. 14 ,15
In conclusion it is suggested that progressive or repeated air emboli in patients ventilated with N20 and 33% 02 might well result in arterial desaturation in the absence of an appreciable fall in end-tidal C02 concentration. It is therefore recommended that this possible limitation of end-tidal C02 monitoring in clinical practice be recognised, and second that continuous monitoring for arterial desaturation, using for example a pulse oximeter, should accompany end-tidal C02 monitoring, especially when the inspired oxygen concentration is of the order described.
